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ABSTRACT 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)-indu- 
cible poly(ADP-ribose) polymerase (TiPARP/ 
ARTD14) is a member of the PARP family and is 
regulated by the aryl hydrocarbon receptor (AHR); 
however, little is known about TiPARP function. In 
this study, we examined the catalytic function of 
TiPARP and determined its role in AHR transactiva- 
tion. We observed that TiPARP exhibited auto- 
mono-ADP-ribosyltransferase activity and 
ribosylated core histones. RNAi-mediated knock- 
down of TiPARP in T-47D breast cancer and HuH-7 
hepatoma cells increased TCDD-dependent cyto- 
chrome P450 1A1 (CYP1A1) and CYP1B1 messenger 
RNA (mRNA) expression levels and recruitment of 
AHR to both genes. Overexpression of TiPARP 
reduced AHR-dependent increases in CYP1A1- 
reporter gene activity, which was restored by 
overexpression of AHR, but not aryl hydrocarbon 
receptor nuclear translocator. Deletion and muta- 
genesis studies showed that TiPARP-mediated 
inhibition of AHR required the zinc-finger and cata- 
lytic domains. TiPARP and AHR co-localized in the 
nucleus, directly interacted and both were recruited 
to CYP1A1 in response to TCDD. Overexpression 
of TiPARP enhanced, whereas RNAi-mediated 
knockdown of TiPARP reduced TCDD-dependent 
AHR proteolytic degradation. TCDD-dependent in- 
duction of AHR target genes was enhanced in 
Tiparp~'~ mouse embryonic fibroblasts compared 
with wildtype controls. Our findings show that 
TiPARP is a mono-ADP-ribosyltransferase and a 



transcriptional repressor of AHR, revealing a novel 
negative feedback loop in AHR signalling. 

INTRODUCTION 

ADP-ribosylation is a ubiquitous post-translational 
protein modification that is important for many cellular 
activities, including DNA repair, transcription, apoptosis, 
proliferation and cell death (1). The synthesis of poly- 
ADP-ribose polymers from nicotinamide adenine 
dinucleotide (NAD + ) is catalysed by members of the 
poly(ADP-ribose) polymerase (PARP) family (1). 

PARP-1 (also known as ADP-ribosyltransferase 
diphtheria-like toxin 1 [ARTD1]) is the founding and the 
most extensively studied member of the PARP family. 
PARP-1 is activated by DNA strand breaks to modify 
target proteins with poly-ADP-ribose (2). PARP-1 
ribosylates itself (referred to as auto-ribosylation) as well 
as other nuclear proteins, such as histones (referred to as 
hetero-ribosylation) (3). Ribosylation of histones has been 
suggested to be an additional component of the histone 
code (4). To date, 17 different proteins have been identified 
that share the PARP catalytic domain and thus potentially 
exhibit poly(ADP-ribose) polymer synthase activity (5,6). 
PARP activity is dependent on the presence of a well- 
conserved glutamate residue within the histidine-tyro- 
sine-glutamate (HYE) catalytic triad motif (5). However, 
the glutamate residue (E988 in PARP-1) and other import- 
ant characteristics for poly(ADP-ribose) polymer synthase 
activity are not conserved or absent in 11 PARP family 
members (5,7). These findings led to the suggestion that 
the majority of the PARP family members may exhibit 
mono-ADP-ribosyltransferase (mART) activity and not 
poly(ADP-ribose) polymer synthase activity (5). These 
data prompted some investigators to suggest that the 
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current nomenclature and classification of PARPs are 
inaccurate (6). 

Mono-ADP-ribosylation is the pathogenic mechanism 
of several different bacterial toxins (8). Diphtheria, 
cholera and pertussis toxins are mARTs that transfer a 
single ADP-ribose moiety to their target proteins (9). 
Extracellular membrane-associated ecto-mARTs are a 
family of structurally related proteins expressed on the 
cell surfaces or secreted into the extracellular space, 
and thus do not contribute to intracellular ADP- 
ribosyltransferase activity (9). The sirtuin family of 
NAD + -dependent deacetylases (SIRTs) also exhibits 
mART activity (10); however, sirtuins are structurally 
distinct from PARPs and they function primarily as 
NAD + -dependent protein deacetylases. The identification 
of the key proteins regulating intracellular and nuclear 
mART activity has not been determined. 

2,3,7,8-tetrachlorodibenzo-/;-dioxin (TCDD)-inducible 
poly(ADP-ribose) polymerase (TiPARP, also known as 
ARTD14/PARP-7) is an uncharacterized member of the 
PARP family (1). TiPARP lacks the equivalent catalytic 
E988 residue of PARP-1 and is predicted to have mART 
rather than poly(ADP-ribose) polymer synthase 
activity (7). TiPARP also contains a C-terminal PARP 
catalytic domain, a centrally located WWE (tryptophan- 
tryptophan-glutamate) protein interaction domain and 
a single CCCH-type zinc-finger domain (1,11). The roles 
of the different domains, the cellular function and molecu- 
lar targets of TiPARP are not known. Although, increased 
histone ADP-ribosylation was reported when core 
histones were incubated with in vitro translated TiPARP, 
its auto-ribosylation and mono- or poly- ADP-ribosylation 
activity and the specific histones modified by this enzyme 
have not been described (12). 

TiPARP expression is regulated by TCDD via activa- 
tion of the aryl hydrocarbon receptor (AHR) (12). The 
AHR is a ligand-activated transcription factor and 
member of the basic helix-loop-helix-Per-ARNT-Sim 
family of transcriptional regulators. The AHR mediates 
the toxic effects of environmental contaminants, such 
as TCDD (13). Once activated by ligand, AHR translo- 
cates from the cytoplasm into the nucleus where it associ- 
ates with its obligatory heterodimerization partner the 
aryl hydrocarbon receptor nuclear translocator (ARNT). 
The AHR/ARNT heterodimer recognizes a DNA elem- 
ent designated the AHR response element (AH RE) 
located within the promoter and distal enhancer regions 
of AHR target genes, such as cytochrome P450 1A1 
(CYP1A1), CYP1B1, aryl hydrocarbon receptor repressor 
(AHRR) and TiPARP (14,15). AHR molecules that 
fail to interact with ARNT are ubiquitinated and proteo- 
lytically degraded (16). TCDD-dependent increases in 
AHRR levels have been proposed to be part of an 
autoregulatory feedback loop involving AHR, ARNT 
and AHRR (17). In this model, AHRR binds and seques- 
ters ARNT to reduce AHR transactivation. However, 
the validity of this model has been questioned after a 
recent study reported that AHRR directly interacted 
with AHR and that ARNT overexpression failed 
to rescue AHRR-dependent repression of AHR transacti- 
vation (18). 



The consistent ligand-activated AHR-dependent 
increases in TiPARP mRNA expression levels across dif- 
ferent cell and animal models, as well as the prominent 
role that PARP family members play in cell function 
prompted us to investigate the functional properties of 
TiPARP as well as its potential role in AHR transactiva- 
tion. Our findings show that TiPARP is a nuclear mART, 
which exhibits auto- and hetero-ribosylation activities. We 
also show that TiPARP is a repressor of AHR transacti- 
vation, revealing a new mechanism of negative feedback 
control in AHR signalling. 

MATERIALS AND METHODS 

Chemicals 

TCDD was purchased from Wellington Laboratories 
(Guelph, ON, Canada). Dimethyl sulfoxide (DMSO) 
was purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Cell culture media, foetal bovine serum (FBS) 
and trypsin were purchased from Wisent (Bruno, QC, 
USA). All other chemicals and biochemicals were of the 
highest quality available from commercial vendors. 

Plasmids 

Human and mouse TiPARP cDNAs were amplified by 
polymerase chain reaction (PCR) using pCMV6-XL4- 
hTiPARP or pCMV6-kan/neo-mTiparp as templates, 
respectively (Origene, Rockville, MD, USA). Chicken 
TiPARP was PCR amplified with primers previously 
described (19) using total Gallus gallus liver RNA as 
template (Zyagen, San Diego, CA, USA). Following amp- 
lification, the sequences were cloned into EcoRI and Xhol 
sites of pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) or 
EcoRI and Sail sites of pEGFP-C2 (Clontech, Mountain 
View, CA, USA). 

Cell culture 

T-47D human breast carcinoma and HuH-7 human 
hepatoma were purchased from ATCC (Manassas, VA, 
USA). TREx-FLP-IN 293 human embryonic kidney 
cells were purchased from Invitrogen. T-47D cells were 
cultured in 1:1 F12 Ham's nutrient mixture medium and 
Dulbecco's modified Eagle's medium (DMEM) supple- 
mented with 10% FBS (v/v) and 1% penicillin- 
streptomycin. HuH-7 and TREx-FLP-IN 293 cells were 
cultured in high glucose (4500 mg/1) DMEM supple- 
mented with 10% FBS and 1% penicillin-streptomycin. 
All cell lines were maintained at 37°C and 5% C0 2 and 
were subcultured every 2-3 days or when they reached 
80% confluency. 

Derivation of mouse embryonic fibroblasts 

Wildtype, Tiparp-deficient (Tiparp~ l ~) and Tiparp +/ ~ 
fibroblasts were prepared from E14.5 embryos derived 
from matings of mice heterozygous for disruption of the 
Tiparp allele (20) as previously described (21). Mice het- 
erozygous for disruption of the Tiparp allele were 
purchased from the Jackson Laboratory (Bar Harbor, 
ME, USA). Primary fibroblasts from wildtype, 
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Tiparp~'~ and Tiparp '~ siblings were immortalized at 
passage 2 after transfection with Simian virus large T 
antigen (SV40gp6) in pSG5 (Stratagene) and a puromycin 
resistance plasmid, and selected in puromycin-containing 
medium. The genotypes of the mouse embryonic fibro- 
blasts (MEFs) were verified by PCR as previously 
described (20). 

Reporter gene assays 

HuH-7 cells were transfected with 50-1 500 ng 
pcDNA-TiPARP and/or 250-750 ng pRc-CMV-hAHR (a 
generous gift from Dr. Patricia Harper) and/or 250-750 ng 
pcDNA4-hARNT (a generous gift from Dr. Kevin 
Gardner) or 200 ng pcDNA-mTiparp, pcDNA- 
chTiPARP, 200-1 500 ng pCMV-XL-PARP-1 or pCMV- 
XL-PARP-12 (Origene) or 200 ng pcDNA-TiPARP 
truncation or point mutant plasmids and 200 ng of 
pCYPlAl-luc plasmid using Lipofectamine LTX. All 
reactions included 50 ng of pCH110-P-Gal (Pharmacia) 
to normalize for transfection efficiency. After 24 h, cells 
were treated with TCDD or DMSO for 24 h before 
luciferase and (3-galactosidase assays were performed. 

Transient transfection and RNAi 

TiPARP (siTiPARP-12, J-013948-12-0005; siTiPARP-13, 
J-0 13948- 13-0005) ON-TARGETplus siRNAs and 
DharmaFECTl transfection reagent were purchased 
from Dharmacon (Lafayette, CO, USA). Briefly, T-47D 
cells were transfected with lOOnM of each siRNA against 
TiPARP, or non-targeting (NT) siRNA #2 (D-001810- 
02-20) (Dharmacon) were transfected with 4ul 
DharmaFECTl. After 48 h, cells were treated with 
10 nM TCDD or DMSO (0.1%) for lh for chromatin 
immunoprecipitation (ChIP) analysis (described below) 
or 1.5-24h for mRNA analysis. 

Transient transfection for RNA expression 

HuH-7 cells were transiently transfected with 3 |ig pcDNA 
or pcDNA-TiPARP using Lipofectamine LTX as stated 
above. After 24-h overexpression, cells were treated with 
lOnM TCDD or DMSO (0.1%) for 6h, and RNA isola- 
tion was performed. 

RNA isolation and qPCR 

T-47D cells were seeded in six-well plates at a density of 
300000 cells/well. After 24 h, cells were treated with 1 ug/ml 
actinomycin D (Sigma) for 1-24 h. MEFs were seeded 
in six-well plates at a density of 250000 cells/well. The 
following day, cells were treated with lOnM TCDD for 
24 h or pre- treated with 10 ug/ml cycloheximide (CHX, 
Sigma) for lh and then treated with lOnM TCDD for 
6h. RNA was isolated with RNeasy spin columns 
(Qiagen). For cDNA synthesis, 500 ng of extracted RNA 
was reversed transcribed using SuperScriptll (Invitrogen) 
and random hexamer primers. qPCR was performed 
with 1 ul of the cDNA synthesis reaction using Kapa 
SYBR FAST qPCR Master Mix (KapaBiosystems). 
Primers used to amplify CYP1A1, CYP1B1 and 
TiPARP mRNAs have been previously described 



(22,23). All target transcripts were normalized to P-actin 
and analysed using the comparative C T (A A C T ) method. 
RNA data were presented as mean and standard error of 
the mean of three independent experiments. 

32 P-NAD + Auto-ADP-ribosylation and 
Hetero-ribosylation assays 

Glutathione S-transferase (GST)-tagged fusion proteins 
were purified according to standard procedures. Purified 
PARP-1 was purchased from Trevigen (Gaithersburg, 
MD, USA). Auto-ribosylation assays were carried out in 
a 30 ul reaction volume at 30° C in 1 x PARP buffer, 2 uCi 
32 P-NAD + (Perkin-Elmer, Woodbridge, ON, Canada) 
and/or 500 uM (3-NAD + (Sigma), lug activated DNA 
(Sigma) or RNA. Approximately 5 ug of GST fusion par- 
tially purified protein, or 1 ug of PARP-1 was used. For 
hetero-ribosylation experiments, 8 ug of core histones 
(H2A, H2B, H3, H4) (New England Biolabs, Pickering, 
ON, Canada) were added to the reaction. Reactions were 
stopped by addition of lx sample buffer, separated by 
sodium dodecyl sulphate-polyacrylamide gel electrophor- 
esis (SDS-PAGE) and visualized by autoradiography. 

Western Blot 

T-47D cells were transfected with siTiPARP, NT, pcDNA 
or pcDNA-TiPARP as described above. TREx-FLP-IN 
293 cells were co-transfected with 1 (.ig pEGFP-TiPARP 
and siRNA for 48 h. HuH-7 cells were transfected with 
2ug pEGFP-TiPARP for 24 h, then treated with 25 uM 
MG-132 (Sigma) for 6h. Whole cell extracts were 
prepared from transfected cells treated with 10 nM 
TCDD or DMSO, and proteins were resolved by SDS- 
PAGE and transferred to nitrocellulose membrane. The 
membrane was blocked in 2% (w/v) ECL-Advanced 
blocking agent for 1 h at room temperature and then 
incubated with anti-AHR (H-211, Santa Cruz) or 
anti-(3-actin antibody (Sigma) overnight at 4°C. 

For GFP blots, membrane was blocked with 10% 
fat-free milk, phosphate buffered saline (PBS) + 0.1% 
Tween 20 for 1 h and then incubated with anti-GFP 
antibody (JL-8, Clontech) overnight. All membranes 
were then washed and incubated with appropriate second- 
ary antibody for 1 h at room temperature. After washing, 
the bands were visualized using ECL-Advance chemilu- 
minescent substrate (GE Healthcare, Baie d'Urfe, QC, 
Canada) or SuperSignal West Dura substrate (Pierce, 
Rockford, IL, USA) according to the manufacturer's 
instructions. 

For the immortalized MEFs, each cell line was plated at 
a density of 2.5 x 10 6 cells in 10-cm dishes. The following 
day, cells were treated with lOnM TCDD or DMSO for 
24 h, whole cell extracts were prepared and proteins 
resolved as described above. Membranes were incubated 
with anti-AHR (Enzo Life Sciences Inc., SA-210) over- 
night and then incubated for 1 h with anti-rabbit horse- 
radish peroxidase-conjugated secondary antibody. 

Chromatin immunoprecipitation assays 

T-47D cells were plated in six-well plates in culture media 
and transfected for RNAi as described above. After 48-h 
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TiPARP knockdown, cells were treated with either 10 nM 
TCDD or DMSO (0.1%) for 1 h, and ChIP assays were 
preformed as previously described (24), using 1 |a.g of 
anti-AHR, H-211, anti-ARNT or H-172 from Santa 
Cruz (Santa Cruz, CA, USA). Isolated DNA was 
quantified by qPCR using Kapa SYBR FAST qPCR 
Master Mix (KapaBiosystems, Woburn, MA, USA). 

For transient overexpression experiments, 3 ug total 
DNA of pEGFP-TiPARP or pEGFP vector were trans- 
fected into HuH-7 cells using Lipofectamine LTX accord- 
ing to manufacturer's recommendations (Invitrogen, 
Carlsbad, CA). After 24 h, cells were treated with 10 nM 
TCDD for 45 min and ChIP assays were performed using 
anti-GFP (632460, Clontech) at a dilution of 1 : 100. Primers 
used to amplify CYP1A1 and CYP1B1 enhancer regions 
have been previously described (22). Data were reported 
as percentages relative to 100% total input chromatin. 

For immortalized MEFs, each of the cell lines were 
plated at a density of 2.5 x 10 6 cells in 10-cm dishes. The 
following day, cells were treated with lOnM TCDD or 
DMSO for 45 min, and ChIP assays were performed 
using 1 ug of anti-Ahr (SA-210) antibody. 

Indirect immunofluorescence 

HuH-7 cells were seeded onto coverslips (250000 cells/ 
coverslip) and transfected with pEGFP- TiPARP, 
pRc-CMV-AHR and pcDNA-ARNT 24 h after plating. 
Twenty-four hours after transfection, cells were treated 
with 10 nM TCDD or DMSO for 1.5 h by addition of 
ligand directly to culture media, and cells were fixed in 
4% paraformaldehyde and permeabilized with 0.4% 
Triton-X in PBS for 20 min. Cells were blocked in 1% 
goat serum/0.2% Triton-X for 1 h and incubated with 
anti-AHR overnight at 4°C. Cells were then incubated 
with Alexa 568-conjugated secondary antibody 
(Invitrogen) for 1 h, counterstained with 4,6-diamidino- 
2-phenylindole (DAPI) and mounted with Vectashield 
(Vector Laboratories). For detection of endogenous 
TiPARP, HuH-7 cells were fixated with methanol/ 
acetone and permeabilized with 0.4% Triton-X in PBS 
for 20 min. The cells were blocked and incubated over- 
night with anti-TiPARP (84664; Abeam). Cells were 
then incubated with Alexa 568-conjugated secondary 
antibody for 1 h, counterstained with DAPI and 
mounted with Vectashield. Images were acquired using 
an Imager. Zl epifluorescence microscope and Axiovision 
software (Zeiss) following deconvolution or an Olympus 
Fluoview 1000 confocal microscope. 

Co-immunoprecipitation 

TREx-FLP-IN 293 cells seeded in six-well plates at a 
density of 400000 cells/well were transfected with 650 ng 
pRc-CMV-AHR, pRc-CMV-AHR-1-425, pCMV-AHR- 
TAD (464-848) (all generous gifts from Dr. Patricia 
Harper), 200 ng pcDNA4-hARNT and 650 ng pEGFP- 
TiPARP-FL or 650 ng pEGFP-TiPARP truncation with 
Fugene HD (Roche, Laval, QC, Canada) according to the 
manufacturer's instructions. Twenty-four hours following 
transfection, cells were treated with lOnM TCDD or 
DMSO for 1.5 h and whole cell extracts were prepared. 



Two micrograms of anti-AHR antibody (H-211) or anti- 
GFP (632460, Clontech) 1:200 dilution were incubated 
with whole cell extracts for 1 h in 4°C with constant 
rotation followed by incubation with protein-A beads 
for 1 h. Beads were washed five times with NP-40 buffer 
(20 mM Tris Base pH 8.0, 150mM NaCl, 10% glycerol, 
1% nonidet P-40, 2mM ethylenediaminetetraacetic acid) 
and eluted in IX sample buffer, separated by SDS-PAGE 
and transferred to nitrocellulose membrane. Membranes 
were exposed to anti-GFP (JL-8, Clontech), anti-AHR 
(H-211) or anti-AHR (N-19, Santa Cruz). All membranes 
were then washed and incubated with the appropriate 
secondary antibodies for 1 h at room temperature. After 
washing, bands were visualized using SuperSignal West 
Dura substrate or ECL-Advance. 

Statistical analysis 

All data were presented as means and standard error of 
the mean. One-way Analysis of Variance (ANOVA) 
followed by Tukey's multiple comparison tests or 
two-tailed Student's /-tests were used to assess statistical 
significance (P < 0.05). 

RESULTS 

TiPARP is a mono-ADP-ribosyltransferase 

The catalytic activities of PARPs are dependent on a 
well-conserved glutamate residue within the active site 
that is a critical residue within the HYE triad sequence 
(25,26). Sequence alignment of the PARP catalytic core 
sequences of the 17 PARP family members showed that 
H532, Y564 and 1631 of TiPARP are equivalent to the 
PARP catalytic HYE triad. Because TiPARP has an iso- 
leucine in place of the catalytic glutamate and a shortened 
connecting loop, it is predicted to possess mART rather 
than PARP activity (7); however, this has not been experi- 
mentally determined. To examine the catalytic activity 
of TiPARP, we compared the enzymatic properties of 
TiPARP with that of PARP-1 using an auto-ADP- 
ribosylation assay. PARP-1 demonstrated auto- 
modification with the incorporation of 32 P-NAD + and a 
marked shift in mobility and smearing pattern, which 
was indicative of poly(ADP-ribose) polymer formation 
(Figure 1A). Partially purified GST-TiPARP also 
showed evidence of auto-modification but no apparent 
change in mobility, suggesting that TiPARP exhibited 
mART rather than poly(ADP-ribose) polymer synthase 
activity (Figure IB). This activity was competed away 
with unlabelled P-NAD + . We cannot exclude the possibil- 
ity that TiPARP generates short oligo-ADP-ribose units 
because they would not alter the migration of the protein. 
Because PARP-1 activity was known to be stimulated by 
its interaction with DNA (27), and TiPARP contained a 
zinc-finger domain with putative RNA binding capacity 
(28), we tested whether the presence of DNA or RNA 
modified TiPARP catalytic activity. Addition of activated 
DNA or DNAse-treated total RNA did not alter the 
migration pattern of GST-TiPARP (Figure IB). The cata- 
lytically inactive mutants GST-TiPARP-H532A and 
GST-TiPARP-Y564A did not show any evidence of 
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Figure 1. TiPARP is a mART with auto- and hetero-ribosylation activities. (A) Auto-ADP-ribosylation of PARP1, purified PARP1 was incubated 
with 32 P-NAD + and 1 ug activated DNA then analysed the SDS-PAGE and autoradiography (B) Auto-ADP-ribosylation of GST-TiPARP, 
GST-TiPARP catalytic mutants (GST-TiPARP-H532A, -Y564A and -I631A), GST- and mouse Tiparp (GST-mTiparp) and GST-chicken TiPARP 
(GST-chTiPARP). Auto-ADP-ribosylation reactions were carried out with semi-purified GST-TiPARP fusion proteins and 32 P-NAD + or co-incubated 
500 uM P-NAD + or 1 ug activated DNA or RNA. Automodified GST-TiPARP fusion proteins were analysed by SDS-PAGE and autoradiography. 
(C) Hetero-ADP-ribosylation of core histones by GST-TiPARP. GST-TiPARP was incubated with 32 P-NAD + and histones H2A, H2B, H3 or H4 and 
analysed by SDS-PAGE and autoradiography. (D) Comparison of auto-ADP-ribosylation of GST-TiPARP-I631E (GST-I631E) to wildtype 
GST-TiPARP (GST-wt). All figures represent data from three independent experiments. The closed arrow denotes mobility shifted PARP1. 



auto-modification or shift in mobility (Figure IB). 
Surprisingly, GST-TiPARP-I631A demonstrated similar 
auto-ribosylation activity to that of wildtype, suggesting 
that this residue was not required for auto-ribosylation 
activity (Figure IB). 

Next we evaluated the catalytic activity of mouse and 
chicken (G. gallus) TiPARP as GST fusion proteins. GST- 
mouse Tiparp (GST-mTiparp) demonstrated a similar 
pattern of auto-ribosylation to that of GST-TiPARP 
(Figure IB). GST-chicken TiPARP (GST-chTiPARP) 
demonstrated weak auto-ribosylation activity compared 
with human, despite the loading of similar amounts of 
protein (Figure IB). Addition of activated DNA or 
DNAse-treated RNA did not alter the migration patterns 



or auto-ribosylation abilities of GST-mTiparp or 
GST-chTiPARP (Supplementary Figure SI). We then 
compared the ability of GST-TiPARP and PARP-1 to 
ribosylate core histones. In agreement with a previous 
report (29), PARP-1 ADP-ribosylated each of the core 
histones (data not shown). GST-TiPARP also mono- 
ADP-ribosylated each of the core histones as evidenced 
by the lack of a marked mobility shift in molecular weight 
of the histones (Figure 1C). No ADP-ribosylation of core 
histones was observed in the presence of GST-TiPARP- 
H532A and GST-TiPARP-Y564A (data not shown). 
Similar to wildtype, GST-TiPARP-I631A also ribosylated 
core histones in the presence of 32 P-NAD + (Supplementary 
Figure S2). 
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To determine if the mutation of isoleucine 631 to a 
glutamate would convert TiPARP mART activity to poly- 
merase activity, we analysed the auto-ribosylation activity 
of GST-TiPARP-I631E mutant. The auto-ribosylation 
activity of GST-TiPARP-I631E was similar to that of 
wildtype (Figure ID), exhibiting mART but not 
poly(ADP-ribose) polymer synthase activity. 

Identification of TiPARP as a novel negative 
regulator of AHR 

TiPARP was first reported to be a TCDD-responsive gene 
that was regulated by AHR in mouse hepatoma cells (12); 
however, little is known about the regulation of TiPARP in 
human cell lines. With this in mind, we determined the 
temporal changes in TiPARP expression after treatment 
of T-47D human breast carcinoma cells with TCDD. The 
results were compared with those obtained for CYP1A1. 
TCDD-dependent increases in TiPARP mRNA levels were 
rapid and peaked at 1.5 h, whereas CYP1A1 mRNA levels 
increased over the 24-h time course (Figure 2A). Similarly, 
Tiparp mRNA induction peaked after 1.5 h TCDD treat- 
ment in mouse Hepalclc7 cells (Supplementary Figure S3) 
(30). However, the TiPARP mRNA declined less rapidly 
compared with T-47D cells, suggesting possible cell type 
differences in TiPARP regulation or in mRNA stability. 
Similar kinetic differences between TCDD-induced 
TiPARP and CYP1A expression levels were observed in 
chick embryo hepatocytes (19), demonstrating that these 
regulatory differences between TiPARP and CYP1A 
genes are conserved across species. To test whether 
TiPARP modulates AHR activity, we then used RNAi- 
mediated knockdown of TiPARP in T-47D cells and 
examined TCDD-dependent changes in CYP1A1 and 
CYP1B1 mRNA levels. TiPARP mRNA levels were 
reduced to approximately 23-34% compared with NT 
control cells (Figure 2B). Endogenous TiPARP protein 
levels could not be assessed by immunoblot because of 
the lack of suitable antibody; however, co-transfection of 
GFP-tagged TiPARP with siRNA sequences demonstrated 
knockdown of overexpressed GFP-TiPARP protein 
(Figure 2C). RNAi-mediated knockdown of TiPARP 
resulted in significantly greater TCDD-dependent induc- 
tion of CYP1A1 and CYP1B1 mRNA expression levels 
compared with NT control cells after 24-h exposure 
(Figure 2D). Similar results were obtained using HuH-7 
human hepatoma and NCI-N87 human gastric carcinoma 
cell lines (Supplementary Figure S4). 

To examine the TiPARP-dependent mechanism of 
AHR repression, we performed ChIP assays in T-47D 
cells after RNAi-mediated knockdown of TiPARP and 
treated with TCDD for 1 h. In agreement with increased 
CYP1A1 and CYP1B1 mRNA levels, knockdown of 
TiPARP resulted in significantly greater recruitment of 
AHR and ARNT to the CYP1A1 and CYP1B1 
enhancer regions compared with the NT control 
(Figure 2E and G). No significant differences in AHR or 
ARNT recruitment to downstream genomic control 
regions for both genes were observed (Figure 2F and H). 

We next determined the effect of TiPARP knock- 
down on ligand-induced AHR protein degradation. 



Consistent with the gene expression and ChIP findings, 
knockdown of TiPARP also reduced AHR degradation 
following 24-h TCDD treatment (Figure 21), suggesting 
that TiPARP may play a role in the proteolytic degrad- 
ation of AHR. 

Because the RNAi experiments suggested that TiPARP 
may act as a negative regulator of AHR transactivation, 
we investigated the ability of TiPARP overexpression 
to repress AHR-dependent gene expression in HuH-7 
cells transfected with a CYP1A1 -regulated luciferase 
reporter plasmid (CYPlAl-luc). Transient transfection 
of increasing amounts of TiPARP resulted in a dose- 
dependent repression of TCDD-induced reporter gene 
activity (Figure 3A). Similar results were observed using 
a CYPlBl-regulated luciferase reporter plasmid (data not 
shown). Transfection of up to 1 ug DNA of the catalytic 
inactive mutant TiPARP-H532A did not repress reporter 
gene activity (Supplementary Figure S5). Mouse 
Tiparp, which shares 92.8% sequence homology with 
human TiPARP, also repressed AHR transactivation 
(Figure 3B). However, chicken TiPARP, which only 
exhibits 68.5% sequence homology with human 
TiPARP, did not. Similar findings were observed after 
transfection with GFP-tagged TiPARP fusion proteins. 
Transfection of equal amounts of GFP-TiPARP plasmid 
DNA resulted in similar protein expression levels for 
human and mouse GFP-tagged TiPARP, whereas higher 
protein levels of chicken TiPARP were observed 
(Supplementary Figure S6). Collectively, these data 
showed that TiPARP was a negative regulator of AHR 
transactivation, but this effect may exhibit species- 
specificity. 

To examine if TiPARP overexpression inhibited en- 
dogenous CYP1A1 and CYP1B1 mRNA expression, we 
transiently transfected HuH-7 cells with TiPARP, treated 
them with TCDD for 24 h before isolating RNA and per- 
forming qPCR. We observed a significant repression of 
TCDD-dependent increases in CYP1A1 and CYP1B1 
mRNA levels in cells overexpressing TiPARP (Figure 3C 
and D). 

We then determined if TiPARP was recruited to the 
enhancer regions of AHR target genes using ChIP 
assays. ChIP assays performed on extracts from HuH-7 
cells transfected with GFP-TiPARP revealed a small but 
significant TCDD-dependent increase in GFP-TiPARP 
recruitment to CYP1A1 after 45min of TCDD treatment 
(Figure 3E), but not to a downstream chromatin region 
that was not bound by AHR (Figure 3F). Interestingly, 
reduced AHR occupancy at CYP1A1 was also observed in 
cells overexpressing GFP-TiPARP (Figure 3E). Time 
course studies showed a reduction in AHR protein levels 
in cells overexpressing TiPARP both in the presence or 
absence of TCDD (Figure 3G), which was in support of 
the increased AHR protein levels observed after 
RNAi-mediated knockdown of TiPARP (Figure 2). 

TiPARP selective repression of AHR activity 

Because PARP-1 and other PARP family members can 
function as transcriptional repressors or activators (31), 
we examined the ability of PARP-1 and PARP- 12 to 
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Figure 2. TiPARP knockdown increased TCDD-induced AHR transactivation. (A) Temporal analysis of TCDD-induced TiPARP and CYP1A1 
mRNA expression levels. T-47D cells were treated with lOnM TCDD at the times indicated. (B) TiPARP mRNA expression levels in T-47D cells 
following 48 h knockdown with single siRNAs against TiPARP (siTP12 and siTP13) and NT control. Expression levels significantly (P<0.05) lower 
than NT were denoted with an asterisk. (C) Western blot analysis of GFP-TiPARP protein overexpression following RNAi-mediated TiPARP 
knockdown in TREx-FLP-IN 293 cells. (D) TiPARP knockdown increased TCDD-induced CYP1A1 and CYP1B1 mRNA expression levels in 
T-47D cells following 24-h treatment. Gene expression levels significantly (P < 0.05) greater than NT were denoted with an asterisk. TiPARP 
knockdown increased TCDD-induced AHR and ARNT recruitment to CYP1A1 (E and F) and CYP1B1 (G and H). AHR and ARNT to 
CYP1A1 regulatory region (E), CYP1A1 distal downstream region (F), CYP1B1 regulatory region (G) and CYP1B1 distal downstream region 
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modulate AHR transactivation. PARP-1 was selected 
because it is the most studied PARP, whereas PARP-12 
was chosen because it shares the greatest sequence 
homology (46.8%) with TiPARP compared with other 
members of the PARP family (1). Transfection of 
HuH-7 cells with 200 ng of TiPARP caused ~50% reduc- 
tion in TCDD-dependent induction of CYPlAl-luc 
reporter gene activity, whereas transfection with the 
same amount of PARP-1 or PARP-12 had no effect 
(Figure 3H). Increasing the amount of transfected 
plasmid DNA to 1500 ng caused a >85% reduction in 
CYPlAl-luc reporter gene activity by TiPARP, but only 
-40% reduction by PARP-1 or PARP-12. Western blots 
confirmed the expression of PARP-1 and PARP-12 
(Figure 31). These results suggested that TiPARP ex- 
hibited selective repression of AHR transactivation 
compared with other PARP family members. 

Repression of AHR by TiPARP requires the zinc-finger 
and catalytic domains 

To determine the mechanism of TiPARP-dependent 
repression of AHR, we created a series of TiPARP dele- 
tions and site-directed point mutants, and determined their 
ability to repress AHR-dependent reporter gene activity. 
The expression of each of the TiPARP deletions and 
point mutants was confirmed by in vitro translation (data 
not shown). TiPARP N-terminal deletion constructs ex- 
pressing amino acids 33-657 to 218-657 repressed 
CYPlAl-regulated reporter gene activity similar to that 
of wildtype, with the exception of 200-657, which exhibited 
greater repressor activity (Figure 4A). The 225-657 trunca- 
tion construct exhibited a significantly reduced ability to 
repress reporter gene activity, whereas transfection of 
245-657 to 445-657 truncations did not repress 
AHR-regulated reporter gene activity. Similar findings 
were observed using GFP-tagged TiPARP fusion proteins 
for all TiPARP deletion and mutant variants 
(Supplementary Figure S7). Western blot analysis of the 
GFP-TiPARP proteins showed that the lack of repression 
was not due to reduced protein expression of the different 
GFP-TiPARP variants (Supplementary Figure S8). 
Because the zinc-finger domain (residues 237-264) 
overlapped with the putative repressor domain (residues 
218-245), we tested the importance of this domain in 
TiPARP-mediated repression by creating single point 
mutants of the cysteine residues of CCCH-type zinc-finger 
motif. All three TiPARP cysteine point mutants failed to 
inhibit TCDD-induced CYPlAl-luc reporter gene activity 
(Figure 4B). Similar findings were observed with 
GFP-tagged TiPARP zinc-finger variants (Supplementary 
Figures S7/S8). 



To evaluate the importance of the TiPARP catalytic 
domain in mediating the repression of AHR transactiva- 
tion, we created C-terminal deletion and catalytic point 
mutants, and evaluated them in our transient transfection 
reporter gene assay. Deletion of the TiPARP C-terminus 
containing the catalytic domain (residues 449-657) abol- 
ished the ability of TiPARP to repress AHR-dependent 
reporter gene activity (Figure 4C). The ability of 
TiPARP to repress AHR transactivation was prevented 
with the H532A and Y564A point mutants, but not 
1631 A (Figure 4D), which retained catalytic activity 
(Figure IB). Together, these data demonstrated that 
TiPARP-mediated repression of AHR transactivation 
required both the zinc-finger and catalytic domains. 
Similar results were observed with GFP-tagged TiPARP 
mutants, and immunoblotting confirmed that the lack of 
repression was not due to lack of protein expression 
(Supplementary Figures S7/S8). 

Ectopic AHR, but not ARNT, prevented 
TiPARP-mediated inhibition of AHR transactivation 

The AHRR negatively regulates AHR transactivation 
by competing with AHR for ARNT dimerization and 
binding to the AHRE (17), but also through ARNT- 
independent mechanisms (18,32). To evaluate the role of 
ARNT in TiPARP-mediated repression of AHR transac- 
tivation, we assessed the ability of TiPARP to repress 
AHR activity in the presence of increasing amounts of 
AHR or ARNT. Transient co-transfection of AHR, but 
not ARNT, rescued the TiPARP-dependent repression 
of CYPlAl-regulated reporter gene activity (Figure 5). 
No repression or AHR or ARNT rescue was observed 
after transfection with the catalytically inactive TiPARP- 
H532A mutant (Supplementary Figure S9). These data 
suggested that the TiPARP-dependent repression of 
AHR transactivation was independent of ARNT. 

AHR and TiPARP interact and co-localize within the 
nucleus 

To examine direct interactions between AHR and 
TiPARP, we performed co-localization and 
co-immunoprecipitation experiments. We first determined 
the subcellular localization of TiPARP. Endogenous 
TiPARP localized as small nuclear foci in HuH-7 cells 
(Figure 6A, panel i). Overexpressed GFP-TiPARP 
exhibited focal nuclear expression patterns similar to en- 
dogenous TiPARP (Figure 6A, panel ii). The GFP-tagged 
catalytic mutant H532A displayed a diffuse nuclear 
expression pattern, whereas GFP-tagged zinc-finger 
mutant C243A displayed cytosol foci, suggesting 
the zinc-finger domain was important for nuclear 



Figure 2. Continued 

(H). T-47D cells with TiPARP knocked down were treated with 10 nM TCDD for 1 h and harvested for ChIP assays as described in 'Materials and 
Methods' section. Percent recruitment significantly greater (P < 0.05) than NT is denoted with an asterisk. (I) TiPARP knockdown reduced 
TCDD-induced AHR degradation in T-47D cells. T-47D cells following TiPARP knockdown were treated with TCDD (T) or DMSO (D) for 
24 h and AHR protein expression was determined by Western blot analysis. Left panel: representative western blot from three independent experi- 
ments; right panel: Quantification of AHR protein levels, densitometry was performed using ImageJ analysis software (NIH). Asterisks denoted 
AHR protein levels significantly (P < 0.05, two-tailed Student's Mest) greater than treatment-matched NT-transfected cells. All data were presented 
as means ± S.E.M for three independent experiments. Statistical analysis was determined by two-tailed Student's r-test. 
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Figure 3. TiPARP overexpression reduced TCDD-induced AHR signalling. (A) Concentration-dependent reduction of TCDD-induced CYPlAl-luc 
reporter gene activity with TiPARP overexpression. (B) Mammalian TiPARP inhibited TCDD-induced CYPlAl-luc reporter gene activity. HuH-7 
cells were co-overexpressed with pCYPlAl-luc and 200 ng pcDNA-TiPARP, pcDNA-mTiparp or pcDNA-chTiPARP, and luciferase activity was 
determined. Values were normalized to 100% TCDD treatment. Reporter gene activity significantly lower than (/ > <0.05) TCDD-treated empty 
vector is denoted with an asterisk. (C and D) TiPARP overexpression repressed TCDD induction of CYP1A1 (C) and CYP1B1 (D) mRNA in 
HuH-7 cells. Asterisks denote mRNA expression significantly lower (P < 0.05, two-tailed Student's Mest) than treatment-matched empty vector 
transfected cells. (E) Overexpressed GFP-TiPARP recruitment to CYP1A1 regulatory region was induced by TCDD and repressed AHR recruitment. 
(F) Recruitment of GFP-TiPARP and AHR to CYP1A1 distal downstream region. HuH-7 cells were transfected with pEGFP empty vector or 
pEGFP-TiPARP and dosed with TCDD for 45 min and cells were harvested for ChIP assays. GFP-TiPARP recruitment, percent recruitment of 
transfection-matched cells significantly greater (P < 0.05, two-tailed Student's Mest) than DMSO was denoted with an asterisk. Percent recruitment 
of AHR significantly lower (P < 0.05, two-tailed Student's Mest) than treatment-matched GFP-transfected cells was denoted with a pound sign. Data 
shown were representative of three independent experiments. (G) TiPARP overexpression increased TCDD-induced AHR proteasomal degradation. 
T-47D cells were transfected with vector or pcDNA-TiPARP and dosed with TCDD for the indicated times and AHR protein levels were determined 
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Figure 4. Inhibition of AHR signalling by TiPARP required zinc-finger and catalytic domains. Repression of TCDD induction of CYPlAl-luc 
reporter gene activity by (A) TiPARP N-terminal truncations, (B) Zinc-finger point mutants, (C) C-terminal truncations and (D) catalytic point 
mutants. Full-length TiPARP (1-657, wildtype), TiPARP truncation or point mutant constructs were co-overexpression with pCYPlAl-luc in HuH-7 
cells and treated with TCDD. Data were presented as means ± S.E.M. from three independent experiments. Significance was analysed by one-way 
ANOVA and Tukey's multiple comparisons test. Reporter gene activity significantly different than (P < 0.05) TCDD-treated empty vector or 
TiPARP (1-657) was denoted with an asterisk or pound sign, respectively. 



Figure 3. Continued 

by western blot. Upper panel: representative western blots from three independent experiments; lower panel: Quantification of AHR protein levels, 
densitometry was performed using ImageJ analysis software (NIH). Asterisks denoted AHR protein levels significantly (/ > <0.05, two-tailed Student's 
r-test) lower than treatment-matched vector-transfected cells. (H) CYPlAl-luc reporter gene activity was preferentially inhibited by TiPARP. HuH-7 
cells were co-overexpressed with 200 ng or 1500ng of pcDNA-TiPARP, pCM V-PARP- 1 or pCMV-PARP-12 and pCYPlAl-luc and treated with 
TCDD. (I) Western blot analysis of PARP-1 and PARP-12 protein overexpression in transfected HuH-7 cells. Reporter gene activity significantly 
lower (P < 0.05) than empty vector transfected cells was denoted with an asterisk. Reporter gene activity significantly (P < 0.05) greater than 
TiPARP-transfected cells (1500ng) was denoted with a pound sign. All luciferase data were presented as means ± S.E.M from three independent 
experiments and statistical significance analysed by one-way ANOVA and Tukey's multiple comparisons test. 
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Figure 5. Overexpression of AHR but not ARNT prevented TiPARP-mediated inhibition of AHR transactivation. HuH-7 cells were co-transfected 
with pCYPlAl-luc, TiPARP (200ng) and (A) AHR (250-750ng) or (B) ARNT. Results represented the means ± S.E.M from three independent 
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the presence of increased AHR and ARNT protein expression following transient transfection were presented to the right of the respective bar 
graphs. 



localization (Figure 6 A, panel iii and iv). GFP-tagged 
mouse Tiparp expressed a similar nuclear focal pattern 
to human, while GFP-tagged chicken TiPARP was ex- 
pressed primarily in the cytosol (Figure 6A, panel v and 
vi). These observations revealed that the nuclear and focal 
organization within the nucleus were important factors 
influencing the ability of TiPARP to repress AHR 
transactivation. 

We then tested whether overexpressed AHR 
co-localized with GFP-TiPARP in transfected HuH-7 
cells treated with TCDD or DMSO for 1.5 h. In DMSO- 
and TCDD-treated cells, AHR was localized to both the 
cytoplasm and the nucleus, which was in agreement with 
previous reports for cells transiently transfected with 
AHR (18,33) (data not shown). In co-transfected cells, a 
fraction of the nuclear AHR was enriched in nuclear foci 
containing GFP-TiPARP (Figure 6B). Further analysis 
of 113 cells co-expressing transfected AHR and GFP- 
TiPARP revealed that AHR formed nuclear foci and 
co-localized with GFP-TiPARP in 75% of the cells. In 
the absence of transfected GFP-TiPARP, AHR formed 
nuclear foci in only 6% of 238 cells examined. This 
co-localization pattern was unaffected by TCDD treat- 
ment (data not shown). 

Co-immunoprecipitation experiments were then 
performed using TREx FLP-IN 293 cells transfected 



with GFP-TiPARP, AHR and ARNT and treated 
with DMSO or TCDD for 1.5 h. Similar to the 
co-localization experiments, GFP-TiPARP and AHR 
co-immunoprecipitated in the presence or absence of 
ligand (Figure 6C). Deletion analysis revealed that AHR 
interacted with residues 275^448 of TiPARP (Figure 6D). 
Reciprocal co-immunoprecipitation experiments 
demonstrated that both the N-terminal (residue 1^125) 
and C-terminal transactivation domains (residue 
464-848) of AHR co-immunoprecipitated with 
GFP-TiPARP (Figure 6E and F). 

Tiparp knockout increased TCDD-dependent Ahr target 
transactivation and Ahr protein levels 

To investigate the impact of TiPARP loss on AHR trans- 
activation and protein expression, we created 
immortalized MEFs from wildtype, Tiparp + '~ and 
Tiparp~ ! ~ siblings. As expected, Tiparp mRNA levels 
were induced in wildtype and Tiparp +/ ~ cells after 24-h 
treatment with TCDD, but not in Tiparp~ ! ~ cells 
(Figure 7A). TCDD treatment of Tiparp -1 ~ MEFs 
resulted in greater increases in Cyplal, Cyplbl and 
Ahrr mRNA levels compared with wildtype and 
Tiparp + '~ cells (Figure 7A), while Gapdh mRNA levels 
were unaffected by TCDD treatment or by genotype 
(Supplementary Figure S10). Ectopic expression of 
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Figure 6. TiPARP interacted with AHR in the nucleus. (A) Nuclear localization of endogenous TiPARP (40 x magnification; panel i), overexpressed 
GFP-TiPARP (63 x; panel ii), zinc-finger mutant GFP-TiPARP-C243A (63 x; panel hi), catalytic mutant GFP-TiPARP-H532A (63 x; panel iv), 
mouse GFP-Tiparp [GFP-mTiparp (63 x; panel v)]. Images were acquired using an Olympus Fluoview 1000 confocal microscope. (B) Co-localization 
of overexpressed GFP-TiPARP and AHR in HuH-7 cells (63 x magnification). Cells were treated with 10 nM TCDD for 1.5 h and fixed, 
immunostained for AHR, counterstained with DAPI and mounted using Vectashield. Images were acquired using an Imager.Zl epifluorescence 
microscope and Axiovision software (Zeiss) following deconvolution. (C) Reciprocal co-immunoprecipitation experiments of overexpressed 
GFP-TiPARP and AHR. TREx-FLP-IN 293 cells were transfected and treated with TCDD for 1.5 h. (D) Co-immunoprecipitation experiments 
of AHR and GFP-TiPARP truncations in TREx-FLP-IN 293 cells (upper panel). Co-immunoprecipitation experiments with AHR and GFP in 
TREx-FLP-IN 293 cells (lower panel). AHR (H-211) antibody was used for immunoprecipitation and GFP (JL-8) was used for immunoblotting. 
(E and F) Co-immunoprecipitation experiments of GFP-TiPARP and AHR truncations in TREx-FLP-IN 293 cells. GFP (632460) antibody was used 
for immunoprecipitation and AHR (N-19 or H-211) antibodies were used for immunoblotting. 



Tiparp in Tiparp~'~ MEFs reduced TCDD-dependent 
AHR transactivation compared with vector controls 
(Supplementary Figure Sll). ChIP assays revealed signifi- 
cantly greater TCDD-induced Ahr recruitment to Cyplal 
and Cyplbl in Tiparp~'~ compared with wildtype or 
Tiparp + '~ cells (Figure 7B and C). Because we observed 
increased AHR transactivation in Tiparp~ ! ~ compared 
with wildtype or Tiparp +I ~ MEFs, we examined the 



relative Ahr protein levels and ligand-induced Ahr degrad- 
ation in the different MEF lines. Tiparp~ ! ~ cells had 
higher constitutive Ahr protein levels compared with 
wildtype and Tiparp +/ ~ cells (Figure 7D). TCDD- 
induced degradation of Ahr was reduced in Tiparp~^~ 
compared with wildtype and Tiparp +/ ~ cells (Figure 7D). 
TCDD treatment for 24 h caused a 72% and 81% reduc- 
tion in AHR protein levels in wildtype and Tiparp +I ~ cells, 
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Figure 7. Tiparp knockout fibroblasts exhibited increased TCDD-induced Ahr transactivation. (A) wildtype (Tiparp +,+ ), Tipaip +, ~ and Tiparp~l~ 
immortalized MEF lines were treated with 10 nM TCDD for 24 h and gene expression determined. Gene expression was normalized relative to 
DMSO-treated wildtype cells. Gene expression levels significantly (P<0.05) different than treatment matched wildtype cells were denoted with an 
asterisk, and gene expression levels significantly (P<0.05) different than treatment-matched Tiparp + ^ (+/— ) cells were denoted with a pound sign. 
(B and C) Tiparp^^ cells exhibit increased TCDD-induced Ahr recruitment to Cyplal and Cyplbl. (B) Ahr Recruitment to Cyplal regulatory 
region and distal downstream control region. (C) Ahr recruitment to Cyplbl regulatory region and distal downstream control region. MEF lines 
were treated with 10 nM TCDD for 45min and harvested for ChIP assays as described in 'Materials and Methods' section. Percent recruitment 
significantly greater (P < 0.05) than treatment-matched wildtype cells was denoted with an asterisk, and percent recruitment significantly greater 
(/ > <0.05) than treatment-matched Tiparp + ^ (+/— ) cells was denoted with a pound sign. (D) Tiparp^ 1 ^ cells have reduced TCDD-induced Ahr 
degradation. MEF lines following were treated with TCDD (T) or DMSO (D) for 24 h and Ahr protein expression was determined by western blot 
analysis. Left panel: representative western blot from three independent experiments. Right panel: quantification of Ahr protein levels, densitometry 
was performed using ImageJ analysis software (NIH). Asterisks denoted Ahr protein levels significantly (P < 0.05, two-tailed Student's /-test) greater 
than treatment-matched wildtype cells. Pound sign denoted Ahr protein levels significantly (P < 0.05, two-tailed Student's /-test) less than 
genotype-matched DMSO-treated cells. 



respectively, but only a 53% reduction in Tiparp~'~ MEFs 
(Figure 7D). In contrast to increased Ahr protein levels, 
small but significant TCDD-dependent decreases in 
Ahr mRNA levels were detected in Tiparp~ l ~ cells 
(Supplementary Figure S10). 

TiPARP is a labile factor that negatively regulates AHR 
transactivation 

TCDD-induced proteolytic degradation of AHR has been 
proposed to be under the control of a labile factor, 
referred to as an AHR degradation promoting factor 
(ADPF) that when inhibited increases the expression of 
AHR target genes, such as CYP1A1 (34,35). In support 
of these findings, pre-treatment with CHX resulted in 
enhanced TCDD-dependent CYP1A1 mRNA levels 



(34,35). Because we observed that TiPARP was a 
negative regulator of AHR, we were interested to deter- 
mine if TiPARP was a labile factor regulating AHR 
protein levels. To this end, we tested the stability of 
TiPARP mRNA by treating T-47D cells with actinomycin 
D and isolating RNA at the times indicated in Figure 8A. 
We observed a 50% loss in TiPARP mRNA after 1 h 
actinomycin D treatment (Figure 8A), which was in agree- 
ment with a previous report (30). Owing to the lack of 
a suitable antibody to detect endogenous TiPARP 
protein levels, we examined the stability of TiPARP by 
overexpressing GFP-tagged TiPARP in HuH-7 and 
treating with the 26S proteasome inhibitor, MG-132. 
After 6h MG-132 treatment, we observed increased 
GFP-TiPARP expression compared with transiently 
transfected but untreated cells (Figure 8B). 
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Figure 8. TiPARP is a labile negative regulator of AHR. (A) TiPARP mRNA was rapidly degraded after actinomycin D treatment. T-47D cells were 
treated with 1 ug/ml actinomycin D at the times indicated and Tiparp mRNA expression levels determined by qPCR. (B) GFP-TiPARP 
overexpression was increased after proteasome inhibition. HuH-7 cells were transfected with pEGFP-TiPARP, pcDNA (vector) and pEGFP for 
24 h and treated with 25 uM MG-132 for 6h, and GFP-TiPARP protein levels were determined by western blot using anti-GFP antibody. The data 
were from a representative western blot from three independent experiments. (C) Ahr target gene induction in MEF lines pre-treated with 10 ug/ml 
CHX. MEF cell lines were pre-treated with 10 ug/ml CHX for 1 h, then treated with TCDD for 6h and gene expression was determined. Data were 
normalized to wildtype DMSO. Fold changes between TCDD alone and CHX + TCDD (CHX + T) were provided for each gene. Gene expression 
results were shown as means ± S.E.M for three independent experiments and significance analysed by one-way ANOVA and Tukey's multiple 
comparisons test. Gene expression levels significantly different (/ > <0.05) than TCDD alone within each genotype were denoted with an asterisk. 



These data suggested that TiPARP was a potential can- 
didate for the labile regulator of AHR protein levels and 
responsible for the increased expression of AHR target 
genes after pre-treatment with CHX (34,35). To test this 
notion, we pre-treated wildtype, Tiparp~ l ~ and Tiparp +/ ~ 
MEFs for 1 h with CHX before treatment with 6-h 
TCDD. Because we were interested in determining the 
effect of CHX on TCDD-dependent target gene expres- 
sion, we also determined the fold increase of 
TCDD + CHX over TCDD alone for each genotype 
(Figure 8C). Cyplal mRNA levels increased ~480- and 
300-fold following TCDD + CHX compared with TCDD 
alone in wildtype and Tiparp +/ ~ MEFs, respectively. 
Cyplbl and Ahrr mRNA levels were also significantly 
increased following TCDD + CHX compared with 
TCDD alone, but the fold increases were an order of mag- 
nitude lower than those observed for Cyplal (Figure 8C). 
For Tiparp' 1 ' cells, treatment with CHX + TCDD 
resulted in significant but modest increases of approxi- 
mately 2-fold for each of the AHR target genes 
examined compared to TCDD alone (Figure 8C). 
A similar pattern of Cyplal and Cyplbl mRNA 
superinduction after TCDD treatment was observed 
after MG-132 pre-treatment, although the magnitude of 
induction was lower than that observed with CHX 
(Supplementary Figure SI 2). These data suggested 



TiPARP was an important factor regulating the CHX- 
and MG-132-dependent increases in ligand-activated 
AHR transactivation. 

DISCUSSION 

In this report, we identify TiPARP as a mART that 
ribosylates itself as well as core histones. We also 
provide evidence that TiPARP is a nuclear protein, a re- 
pressor of AHR transactivation and that its ability to 
repress AHR is dependent on its zinc-finger and catalytic 
domains. Our findings identify a new mechanism of 
negative feedback regulation in the AHR signalling 
pathway. 

Recent sequence and structural analyses reveal that the 
majority of PARPs may have mART rather than 
poly(ADP-ribose) polymer synthase activity (5). 
PARP-10 (ARTD10), PARP-14 (ARTD8) and PARP-15 
(ARTD7) have recently been reported to exhibit mART 
rather than poly(ADP-ribose) polymer synthase activity 
(7,36). In support of these data, we show that TiPARP 
exhibits mART activity by targeting itself and core 
histones. We also show that isoleucine 631 (1631) of 
TiPARP is not required for its auto-ribosylation and the 
hetero-ribosylation of histones. The PARP-1 catalytic glu- 
tamate (E988), which is equivalent to 1631 in TiPARP, is 



1618 Nucleic Acids Research, 2013, Vol. 41, No. 3 



important for polymer elongation (26,37). Substitution of 
1631 to glutamate does not convert TiPARP catalytic 
activity to poly(ADP-ribose) polymer synthase activity. 
This is consistent with similar mutagenesis studies of 
PARP-10 showing that conversion of I987E reduces 
its mART activity rather than convert it to a 
poly(ADP-ribose) polymer synthase (7). Taken together, 
these data support that other structural features are im- 
portant for poly(ADP-ribose) polymer formation (7). 

Our studies using human cell lines and MEFs isolated 
from wildtype and Tiparp~ ! ~ mice reveal that TiPARP 
modulates ligand-induced proteolytic degradation of 
AHR and functions as a repressor of AHR transactiva- 
tion. In this model, TCDD-activated AHR induces 
TiPARP expression, TiPARP is recruited to AHR target 
genes either through direct DNA binding or tethering 
through AHR, increased levels of TiPARP enhance the 
proteolytic degradation of AHR, by either direct 
ribosylation or through the ribosylation of unidentified 
intermediary factor(s) to repress AHR transactivation 
(Figure 9). 

The ability of TiPARP to repress AHR transactivation 
requires its zinc-finger and catalytic domains. Previous 
studies have reported that PARPs act as coregulators 
(co-activators or co-repressors) for a number of different 
transcriptional regulators, such as NF-kB, HES1, Oct-1, 
c-Myc, Spl and nuclear receptors, including peroxisome 
proliferator-activated receptor y, and thyroid hormone 
receptor (31,38,39). In some cases, enzymatic activity is 
required, while in others it is not. PARP-1 alters chromatin 
structure but also directly binds chromatin to modulate 



gene expression (A0-A2). PARP-1 4 acts as a transcriptional 
switch for Stat6-dependent transcription whereby 
non-stimulated PARP-1 4 is present at Stat6 target pro- 
moters and acts as a transcriptional repressor (43). 
We also show that TiPARP is recruited to the CYP1A1 
regulatory region and interacts with AHR, suggesting 
that TiPARP may directly target AHR. The TCDD- 
dependent recruitment of TiPARP at CYP1A1 also 
suggests the possibility that TiPARP recognizes a specific 
DNA sequence and that it might directly regulate the ex- 
pression other AHR target genes or other transcription 
factors. It is not clear from our data if TiPARP binds 
directly to a specific recognition sequence in CYP1A1 or 
if it is recruited to CYP1A1 through its interactions with 
AHR. CCCH-type zinc fingers are associated with RNA 
binding capacity; however, these domains are also 
reported to bind to single-stranded DNA (44,45). 

The ubiquitin-proteasome pathway plays an important 
role in TCDD-mediated degradation of AHR (34,46). 
PARP-1 plays a role in the reactive oxygen induced 
activation of the proteasome (47). Auto-modified 
PARP-1 interacts with and activates nuclear proteasome 
pathways (48). Inhibition of PARP-5a (ARTD5) and 
PARP-5b (ARTD6) activity prevents the degradation of 
axin through the ubiquitin-proteasome pathway and this 
increased half-life of axin promotes B-catenin degradation 
(49). Therefore, it is tempting to hypothesize that TiPARP 
activates components of the proteasome to enhance 
TCDD-mediated AHR degradation. It is also equally 
possible that TiPARP ADP-ribosylates AHR, targeting 
it for degradation. 



Cytosol 




CYP1A1 



Figure 9. Proposed model of repression of AHR signalling by TiPARP. The AHR mediates the TCDD-induced expression of TiPARP (1). TiPARP 
is recruited to the AHR/ARNT-bound AHRE of targets to repress transcription (CYP1A1 in this example) (2A). TiPARP represses its own 
transcription and the regulation of other AHR target genes by binding to AHR/ARNT-bound to AHREs or potentially through direct DNA 
binding (indicated by the question mark), creating a negative feedback loop (2B) in which AHR dissociates from AHREs, translocates from the 
nucleus and is proteolytically degraded by the 265 proteasome (26S) (3). BTF, basal transcription factors; Co-act, co-activators. 
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The protein synthesis inhibitor CHX and 26S- 
proteasome inhibitor MG-132 inhibit TCDD-induced 
degradation of AHR, leading some investigators to 
hypothesize that AHR levels are regulated by a 
TCDD-inducible labile protein, termed ADPF, which 
modulates AHR transactivation by promoting its nuclear 
degradation (34,50). We demonstrate that Tiparp~ ! ~ MEFs 
are relatively insensitive to the increased AHR target gene 
expression after co-treatment with CHX + TCDD 
compared with TCDD alone. However, this lack of a 
further increase in AHR target gene expression in the 
Tiparp~ ! ~ MEFs may be due to the fact that these cells 
exhibit a highly active AHR signalling pathway that 
cannot be further increased compared with wildtype 
MEFs. We also show that GFP-TiPARP localizes to 
the nucleus and interacts with nuclear AHR and the 
GFP-TiPARP protein levels are stabilized by proteasome 
inhibition. TiPARP mRNA levels are also induced follow- 
ing protein synthesis and proteasomal inhibition, but 
this might be expected because TiPARP is an AHR target 
gene (30). We observe TiPARP knockdown or knockout 
increases AHR protein levels and AHR transactiva- 
tion mimicking the AHR-dependent target gene 
superinduction observed after treatment with a protein 
synthesis inhibitor (34). Overall, our data support 
TiPARP as a potential candidate labile ADPF. 

Much of our understanding of AHR repression comes 
from studies of AHRR, which is also part of negative 
feedback loop regulating AHR function (17,18,32). 
A comparison of what is known about the AHR repres- 
sive functions of both proteins reveals similarities but also 
some notable differences. Similarities between TiPARP- 
and AHRR-mediated inhibition of AHR signalling 
include the following: (i) both genes are induced by 
TCDD and regulated by AHR; (ii) AHRR and TiPARP 
localize to the nucleus; (hi) both interact with AHR; and 
(iv) increased ARNT expression fails to prevent AHRR- 
or TiPARP-dependent repression of AHR transactivation 
(17,18,32,51). In contrast, AHRR repression of AHR 
action does not involve increased AHR degradation, 
direct binding to AHREs or inhibition of the AHR- 
ARNT complex formation (32,52). This suggests that 
TiPARP and AHRR exhibit partially overlapping but 
also distinct mechanisms to repress AHR activity. 

A recent study reported that the NAD + precursor nico- 
tinamide is an inhibitor of AHR target gene induction and 
a corrective agent for the TCDD-mediated suppression of 
avian hepatic glucose production and that these effects are 
mediated by TiPARP (19). TiPARP overexpression 
mimicked the suppressive effects of TCDD on gluconeo- 
genesis and it was hypothesized the TCDD-mediated in- 
duction of TiPARP depleted hepatocytes of NAD + , 
inhibiting gluconeogenic genes and glucose output 
through the alteration of SIRT1 activity (19). In the 
present study, we observed that TiPARP represses rather 
than increases TCDD-dependent AHR activation. It is 
possible that the effects of TiPARP on gluconeogenic 
gene expression might be independent of its ability to 
feedback and repress AHR transactivation. Chicken 
(G. gallus) TiPARP (19) exhibited weak auto-ribosylation 
activity and did not inhibit AHR transactivation in 



transfected HuH7 cells, suggesting that TiPARP exhibits 
species- or model-specific differences. Our observation 
that TiPARP possesses mART rather than poly 
(ADP-ribose) polymer synthase activity suggests that 
either mART activity is sufficient to deplete cellular 
NAD + levels (19) or that alterations in NAD + levels 
occur through other downstream targets of TiPARP. 

In summary, we show that TiPARP is a nuclear mART 
with both auto- and hetero-ribosylation activities. 
In addition, we provide evidence that TiPARP is a labile 
protein and transcriptional repressor of AHR involved in 
a new negative feedback loop regulating AHR function. 
Our study provides new insights into AHR signalling and 
further evidence for a role for PARP family members in 
the regulation of gene expression. 
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